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bservations from spacecraft and analyses of martian meteorites suggest that the first billion years after solar system formation was a time of intense surficial and internal activity on Mars. The heavy impact bombardment of the inner solar system obscured much of the early record, but signatures of that era remain in the structure and magnetization of the martian crust and in isotope anomalies in martian meteorites. Understanding the comparative evolution of the terrestrial planets offers the potential to extract generalizations on common processes. Furthermore, the history of early Mars may offer clues to the earliest history of the larger Earth, from which even fewer remnants have been preserved. Finally, Mars has special interest as a potential habitat for past or present life, and it is during the earliest era when the boundary conditions pertinent to life were established.
Martian history has been divided into three major epochs on the basis of stratigraphic relationships and the density of impact craters (1-3). The Noachian Epoch dates terrain older than about 3.7 billion years ago (Ga) and coincides approximately with the time of heavy impact bombardment of the inner solar system (4) . About 40% of the surface of Mars (5) is Noachian in age (Fig. 1A) , as are all of the largest impact basins. Progressively younger epochs are the Hesperian (3.7 to È3 Ga) and Amazonian (3 Ga to present). Of more than 30 martian meteorites-so identified on the basis of generally young crystallization ages, distinctive rock chemical and isotopic signatures, and molecular and isotopic compositions of trapped gases similar to those of the martian atmosphere (6)-only one (ALH84001 at È4.5 Ga) is Noachian in age; all of the others have ages of 1.3 Ga or less and sample the Middle to Late Amazonian (7) .
Planetary Formation and Global Differentiation
Dynamical simulations of the accretion of the terrestrial planets hint that Mars may have formed in as short an interval as several million years. Calculations of the final stages of terrestrial planet formation-the gravitational interaction over 10 8 years (8) of planetary embryos the size of Mercury to Mars formed in the solar nebula disk during the first 10 6 years of solar system history (9)-can account for planets with masses and semimajor axes similar to those of Earth and Venus, but any final body at the orbit of Mars tends to be too large (8, 10) . This difficulty may indicate an unusually low initial density of disk material in the vicinity of Mars's orbit (8) . Alternatively, Mars may be a surviving embryo that escaped either accretion or ejection (10) . This possibility would reflect the highly chaotic nature of the late-stage planetary formation process and would imply that Mars was nearly fully formed before the final stage of formation of the larger inner planets.
An important aspect of the formation process is the initial inventory of water on Mars. Dynamical and meteorite chemical arguments suggest that the environment in the solar nebula at the solar distance range of the terrestrial planets was too hot for hydration of the planetesimals; if so, the early inventory of water on the terrestrial planets must have come primarily from water-rich embryos that formed farther from the Sun and were scattered inward by interactions with the gas-giant planets (11) . Simulations of this process yield water contents on Mars ranging from a few percent to a few tens of percent by mass of a terrestrial ocean (10) . An alternative formation scenario involving a cooler solar nebula and hydrated planetesimals at the solar distance of Earth and Mars (12) would more than double the initial water inventory for Mars (10) .
Rapid accretion of Mars could have converted into heat a sufficient quantity of kinetic energy to melt the martian interior and drive differentiation of core, mantle, and crust (13) . Mars possesses a dense, metalrich core (14) and evidence for an ancient global magnetic field produced by a core magnetic dynamo (15) . Mars also has a silicate crust chemically different from and lower in density than the underlying silicate mantle (16) (17) (18) (19) . Isotopic anomalies in martian meteorites-all igneous rocks that are products of partial melting in the mantle or crust-provide evidence that global differentiation occurred early. Two short-lived radioactive decay systems [ 182 Hf to 182 W, half-life of 9 million years (My), and 146 Sm to 142 Nd, 103-My half-life] provide key observations. Because core-mantle segregation would have swept W (but not Hf) into the core, the presence of 182 W at levels in all martian meteorites above those for primitive chondritic meteorites (20, 21) indicates that the martian core formed during the lifetime of 182 Hf (22) , most likely within 10 to 15 My of the formation time of the oldest solar system objects (21)-Ca-Al-rich inclusions in chondritic meteorites dated at 4.567 Ga (23) . Because crust-mantle separation generally fractionates rare earth elements such as Sm and Nd, variations in 142 Nd, isotopic abundances from chondritic levels (24) , indicate that the meteorite source regions were established while 146 Sm was still extant, probably within È30 My of solar system formation (25, 26) . Furthermore, systematic relations among isotopes of Pb (27) , Sr (28) , and Os (29) in martian meteorites are consistent with large-scale silicate fractionation È50 My after solar system formation and little to no remixing of crust and mantle thereafter. The 4.5-Ga age of ALH84001 (7) also indicates that stable crust had formed by that time. Such a rapid formation time for the crust and the mantle sources of martian meteorites suggests that these regions formed by the differentiation of a global silicate magma ocean produced by planetary accretional heating (30, 31) .
The Early Crust
The distribution of the present crust on Mars is constrained by the planet's topography (Fig. 1B) and gravity fields (19, 32) . Models that have a uniform crustal density and variable crustal thickness consistent with these data display a dichotomy in thickness ( Fig.  1C) : Crust in the more elevated southern hemisphere is generally thicker than crust in the northern lowlands. The boundary between these provinces varies smoothly in the vicinity of Arabia Terra (Fig. 1B) , but near 90-E longitude the boundary is more steplike, in part the result of the ballistic redistribution of upper crustal material during the formation of the Hellas (33), Utopia, and Isidis impact basins. Determining the mean thickness of the crust requires additional considerations. Relationships between gravity and topography are sensitive to the regional thickness of the crust and suggest global average thicknesses between 30 and 80 km (34, 35) . These estimates, together with massbalance calculations tied to surface abundances of U, Th, and K measured from orbit and at the Mars Pathfinder landing site (36) and Nd isotope systematics in martian meteorites (37) , are consistent with an average crustal thickness of about 50 km (35) . With this average thickness, the modal values for crustal thickness beneath the northern lowlands and southern highlands are about 35 and 60 km, respectively (32) .
Although surface units in the northern lowlands of Mars are predominantly Hesperian to Amazonian in age (Fig. 1A) , numerous partially buried impact craters and basins have been identified from their topographic signatures (38) . The density of such features establishes that the crust of the northern lowlands and the southern uplands had formed by the Early Noachian (38) , a result consistent with the timing of crustal formation indicated by martian meteorite data. The hemispheric dichotomy in crustal thickness, because of its global scale, must be comparable in age. Further, global thermal history models are constrained by limits on younger additions to the volume of the crust. Among models best able to reproduce Early Noachian crustal formation on Mars (39) are those with nearchondritic levels of interior heat production, fractionation of heat-producing elements (U, Th, and K) into the crust during crustal formation, and ductile flow laws for mantle material consistent with weakening of mantle silicates by persistent interior water (40) .
The crustal thickness dichotomy may have been produced by spatially heterogeneous fractionation of an early magma ocean. Alternatively, crystallization of the magma ocean may have led to gravitationally unstable mantle layering, because the late-stage silicates that crystallized at shallow mantle depths were denser than earlier cumulates that crystallized near the base of the magma layer; overturn of an unstable mantle may have thickened the crust over downwelling regions and thinned the crust elsewhere (30) . Some models of solid-state mantle convection predict a long-wavelength (harmonic degree 1) component of flow for layered viscosity structures (41) . Such flow models might have led to thicker crust over the hemisphere dominated by upwelling and melt generation, or alternatively thinner crust over that hemisphere if flow-induced crustal thinning was more important than the effect of magmatic additions to crustal volume (41) . An early episode of plate tectonics might have led to a crustal thickness dichotomy if crust in the two hemispheres was created at different times (42) or by different processes (43) . Excavation and ballistic transport by one (44) or several (45) large impacts have also been suggested as an explanation for the crustal thickness dichotomy, but beyond the portion of the dichotomy boundary that has been influenced by the Hellas, Utopia, and Isidis basins, there is little evidence from topography (Fig. 1B) to support these suggestions.
The strongest discriminant among these hypotheses is the timing of most crustal formation. An age of È4.5 Ga for the dichotomy rules out plate recycling (42, 43) and solid-state mantle flow (41) on the grounds that the time scales for these processes to operate are too long. Dichotomy formation scenarios involving magma ocean evolution or impact processes are consistent with the age constraint, but the heat imparted to young crust by large impacts would tend to erase topographic relief by magmatism and crustal flow. North-south differences in crustal composition or early heat flow might be expected for some hypotheses. Differences in the infrared emission spectra have been interpreted in terms of greater average silica content for the northern hemisphere crust (18) , a result consistent with chemical analyses of rocks, corrected for soil coating, at the Mars Pathfinder landing site (16) . That particular chemical difference is not predicted by any of the proposed mechanisms for the formation of the crustal thickness dichotomy, however, and an alternative interpretation is that the spectra of the northern plains reflect the hydrous alteration of rocks otherwise similar to those of the southern highlands (46) . A proxy for heat flow is the thickness of the mechanically strong outer shell or lithosphere of Mars, because the base of the lithosphere corresponds approximately to the lowest temperature at which material undergoes appreciable ductile flow over geological time scales. The thickness of the mechanical lithosphere has been estimated for southern highland regions from relationships between gravity and topography (34) . Under the assumption that these relations were established at a time near the age of the surface units, the thickness of the mechanical lithosphere during at least a portion of the Noachian was less than 16 km, corresponding (Fig. 2) to heat flow in excess of 35 mW/m 2 (34) . These same methods cannot be applied to address Noachian heat flow in the northern lowlands, however, because the topography has been smoothed by subsequent deposition (47) . By the Hesperian, lithosphere thickness and heat flow in the two hemispheres were comparable (Fig. 2) .
Magnetic Field History
Although Mars possesses no modern internal magnetic field of global extent, regions of the crust are strongly magnetized (15) . These crustal magnetic anomalies likely formed when Fe-bearing minerals acquired magnetic remanence while a core dynamo was active on Mars (15, 48) . The largest amplitude magnetic anomalies are located in the southern uplands (Fig. 1D) . Weak magnetic anomalies are resolved over portions of the northern lowlands, particularly near the boundary with the southern uplands (49). The youngest major impact basins on Mars (Utopia, Hellas, Isidis, and Argyre) have no magnetic anomalies resolvable from orbiting spacecraft, a result attributed to the demagnetizing effects of the shock and heating that accompany basin formation (50) . This explanation requires that the core dynamo had ceased to be active by the time these basins formed and cooled (15) , in contrast to the case for older and more topographically subdued basins that display prominent magnetic anomalies (51) .
A core dynamo on Mars requires that there be sufficient energy to drive core convection, energy most likely supplied by some R E V I E W www.sciencemag.org SCIENCE VOL 307 25 FEBRUARY 2005 on January 21, 2011 www.sciencemag.org combination of cooling of the core and growth of a solid inner core (13) . The core formation process likely imparted sufficient internal energy to superheat the molten core by several hundred degrees and to initiate a dynamo in the earliest Noachian (13, 52) . Arguments favoring a dynamo that was active in the Early Noachian but had ceased by Late Noachian or Early Hesperian include the pronounced concentration of regions of high magnetization in Noachian terrain (15, 48, 49) , a lack of correlation of magnetic anomalies with Hesperian or younger volcanic units or impact structures, and the observation of magnetic carriers within carbonates formed 3.9 Ga or earlier in martian meteorite ALH84001 (53) . Several hypotheses can account for termination of the dynamo action, including loss of core heat (52) , rapid solidification of most of the core (13) , and a change in the efficiency of mantle convection to transport heat lost from the core (54) . That some portion of the core is presently fluid, on the basis of the response of Mars to solar tides (55), provides a limit to core thermal history models but does not distinguish among these proposals.
The processes responsible for the observed magnetization of the crust are uncertain. The amplitude of the strongest magnetic anomalies implies that the specific magnetization in such areas is comparable to or greater than the highest common values in Earth's crust and that the vertical extent of coherent magnetization is several tens of kilometers (48, 56, 57) . The elongated shape of some magnetic anomalies has led to the suggestion that magnetization in such regions was acquired during crustal spreading (48) or during the cooling of long dike swarms (58) . Hydrothermal metamorphism has been postulated as a source of magnetization (59) , and hydrothermal activity has been invoked to account for an apparent spatial correlation (60) between high magnetization and water-carved valley networks (61) .
If large portions of the Early Noachian crust of the northern hemisphere were once magnetized as strongly as the areas of largeamplitude anomalies in the southern uplands, then some process must have weakened the magnetization. Burial by sediments and postdynamo lavas can reduce the anomaly magnitudes, but the preservation of topographic signatures of Early Noachian impact features limits the thickness of superposed younger sedimentary and volcanic material to 1 to 2 km, except in the central regions of the largest impact basins (38) . Given such a limit, as long as the thickness of magnetized material beneath the northern lowlands was originally comparable to that in the areas of strongest magnetic anomalies, Noachian magnetization at wavelengths seen in the southern highlands should be detectable by orbiting spacecraft. Reheating by postdynamo volcanism and intrusion is probably also only a small contributor, because cooling of thin flows occurs rapidly without deep penetration of heat, and intrusions are unlikely to have demagnetized the crust on vertical scales comparable to the thickness of coherent magnetization (62) .
Formation of Tharsis
By the end of the Middle Noachian at È3.8 Ga (4), much of the magmatism and associated deformation of the crust and lithosphere on Mars had become focused within the Tharsis province, a generally elevated (Fig. 1B) area occupying È25% of the surface (63, 64) . Tharsis likely originated as a center of concentrated activity after the establishment of the hemispheric difference in crustal thickness (Fig. 1C) , on the basis of the age and global extent of the dichotomy and the indication from magnetic anomalies (Fig. 1D) that Tharsis volcanic units were emplaced on older magnetized crust (62) . Patterns of uplift and volcanism in Syria Planum (Fig. 3A) and Thaumasia (65) , layered deposits at least 8 km thick in the walls of Valles Marineris interpreted to be solidified magma (66) , and evidence from gravity-topography relations for widespread crustal underplating (34) in the region are consistent with heating and melt generation across a broad zone of the mantle beneath Tharsis. The erupted and intruded magmatic material grew to exert a large downward load on the lithosphere. Comparison of models of lithospheric strain with observed deformational features suggests that by Late Noachian, the lithospheric load at Tharsis on January 21, 2011 www.sciencemag.org was similar in scale and magnitude to that seen at present (67) . The Tharsis region nonetheless remained a site of recurring volcanism for most of martian history, contains volcanic deposits with some of the youngest surface ages on the planet (4), and is one of two likely source areas for the Amazonian-age martian meteorites (16) .
One or more long-lived plumes of hot upwelling mantle may account for the formation of the Tharsis province and its extended magmatic and tectonic activity. The form and vigor of mantle convection on Mars, however, depend on the extent of compositional layering, the viscosity of mantle material, and the distribution of internal heat sources, characteristics that are not well known. Early heat loss from the core during the lifetime of the martian dynamo may have rendered unstable the lower thermal boundary layer of the martian mantle, favoring the formation of localized upwellings of hot material (13 (68) . The time necessary for such localization, however, is too long (68) to account for the formation of a single dominant volcanic province by the Middle Noachian. If the thicker crust of the southern highlands acts as an insulating layer to the convecting mantle and if the mantle is compositionally stratified into an upper and lower layer (30, 31) , then laboratory analog experiments suggest that broad upwelling of the lower mantle will tend to be centered beneath the insulating layer (69) . Furthermore, narrow and hot upper mantle plumes will tend to rise from the mantle compositional boundary above the broad zone of lower mantle upwelling (69) . This hypothesis does not account, however, for the fact that Tharsis is centered at the dichotomy boundary between crustal provinces. Focused mantle upwelling is not a necessary condition for Tharsis; if the province originated over an upper mantle warmer than average, the lithosphere was kept thinner than average at any given time by sustained magmatism, and magma transport was facilitated by deformation localized by the thin lithosphere (70) . Anomalously high temperature and melt production rates in the mantle beneath the Tharsis province may have been longlived remnants of heat deposited by a large impact (71) , but if so, any signature of that particular impact has been overprinted by volcanism.
Water and Early Climate
Mars has surficial and near-surface water at present, including water ice in both polar caps (72, 73) and water ice in the shallow regolith identified from gamma-ray and neutron spectrometry (74, 75) . There are also morphologic indicators of subsurface water ice (76) and gullies in crater walls interpreted as products of recent groundwater seepage and surface runoff (77) . An atmospheric D/H ratio five times the terrestrial value (78) indicates that Mars has lost a substantial fraction of its water to space by a mass-dependent mechanism, most likely involving stripping of O by the solar wind and thermal escape of H (60). The comparatively unfractionated N and noble gases in samples of martian atmosphere trapped in ALH84001 at È4 Ga (79) support the inference that the magnetic field shielded most of the atmosphere from solar wind stripping during the Noachian (80), but large impacts would have removed atmospheric material including water without isotopic fractionation during the heavy impact bombardment (80, 81) . A larger inventory of mobile near-surface water during the Noachian than at present may be inferred from these observations.
There is evidence for pervasive interaction of liquid water with the martian surface during the Noachian. Networks of tributaries formed by groundwater sapping or precipitation-derived runoff dissect broad segments of the highlands (Fig. 3B) , and most of these valley networks date from the Noachian (82, 83 on January 21, 2011 www.sciencemag.org features formed after most of the Tharsis rise had been emplaced (64) . Large areas of the highlands display morphologies (Fig. 3B) indicative of removal of 1 km or more of material during the Noachian, most likely by fluvial erosion (84, 85) , and observations at the Mars Pathfinder landing site limit mean erosion rates in post-Noachian epochs to values (0.01 to 0.1 nm/yr) three to six orders of magnitude lower than Noachian rates (86) . Hydrothermally altered minerals have been identified in the highlands (87) , but the widespread occurrence of unaltered minerals (88) argues that surficial water-rock interactions were not ubiquitous in the ancient crust.
The largest episodes of erosion of crustal material are recorded in outflow channels thought to be formed by large flood events (76) . Although most identified outflow channels are Hesperian and younger in age, examples of large Noachian flood events are recognized (89) . Material removed from the highlands by valley systems and flood events was deposited in the northern lowlands and the floors of large impact basins (47) . Deposition in the northern plains, by some mix of sedimentary and volcanic processes, occurred at high rates during the Noachian, on the grounds that younger impact basins are superposed on the material that filled in the severalkilometer-deep Utopia basin. The delivery of large volumes of waterborne sediments to lower elevations implies that there were standing bodies of water on Mars for at least limited time periods. The Mars Exploration Rover Opportunity documented sedimentary rocks with compositions and textures indicative of episodic inundation by shallow surface water (90) . Arguments have been advanced for a long-lived, ice-covered Noachian ocean on Mars (91), but testing this hypothesis is difficult because of the extensive impact and erosional degradation of the surface that occurred during that epoch and the subsequent resurfacing of lowland areas (92) .
The evidence for liquid water at or near the surface and the high rates of erosion may indicate a generally warmer climate in the Noachian than during the later epochs that postdated the loss of much of the early atmosphere. Alternatively, warm periods may have been infrequent and short-lived. Large impacts may have melted or evaporated subsurface ice and injected water into the atmosphere that rained out over periods of years to decades, forming valley systems and recharging subsurface aquifers during those intervals (93) . Release to the atmosphere of magmatic water and other volatiles during major volcanic episodes could have led to similar warming intervals (64) . There has been no agreement on the details of the early climate, however, or whether there were prolonged periods when liquid water was stable at the surface (60).
Some Interconnections
Many of the early global-scale processes on Mars were interconnected, and an important linking element was water. During martian differentiation, the mantle retained substantial quantities of water contributed during growth of the planetary embryos from which Mars was assembled (10) (11) (12) . Mantle convective thermal history models provide a better fit to early crustal formation if the mantle viscosity matches that appropriate for mantle mineral assemblages containing water (39) . Estimates of the pre-eruptive water contents of the magmas parental to young martian meteorites as high as 1 to 2% by weight are consistent with mantle water contents of several hundredths of a percent (94) , indicating that partial melting beneath long-lived volcanic centers such as those of the Tharsis province has not fully degassed the mantle. The low viscosity of mantle material containing water would have favored efficient convection of the lowermost mantle during the Noachian. Such convection would have cooled the core during the era of the active dynamo and would have facilitated the formation of zones of upwelling from an unstable mantle lower thermal boundary layer that might have contributed to the formation of Tharsis and other smaller volcanic centers.
Water may have helped to preserve variations in the thickness of the crust. Gravitytopography relations for the southern highlands indicate that in the Early to Middle Noachian only the upper crust displayed long-term strength (34) . Stress differences arising from heterogeneities in crustal thickness would have driven lateral flow of lower crustal material (19) until the temperature-dependent ductile strength of the crust was lowered by cooling to a level sufficient to arrest such flow. The rate of cooling of the crust can be sensitive to the depth and vigor of hydrothermal circulation (95) . Although the depth of hydrothermal circulation on Mars is not known, in young oceanic lithosphere on Earth the circulation of seawater through faults and fractures can extend to depths of at least 10 km (96, 97) .
The confining pressure at a depth of 10 km on Earth, about 300 MPa, would be reached at a depth of about 25 km on Mars, and for such a depth, the effect of hydrothermal circulation can lengthen by many orders of magnitude the time scale for relaxation of crustal thickness variations (95) . During the period that flow of the lower crust proceeded at high rates, the longest wavelength variations in crustal thickness would have persisted for the longest durations (19) . The north-to-south variation in crustal thickness and topography preserved today may have been in part the result of hydrothermal cooling that arrested lower crustal flow after relaxation of many of the shorter wavelength variations.
Water and other volatiles may have been delivered to the atmosphere of Mars during major eruption events in sufficient quantity to have modified the atmosphere and the climate (98) . The formation of Tharsis in particular may have exerted a strong perturbation to the near-surface water budget and climate during the Noachian (64) . From modern topography and gravity, the volume of magmatic material added to Tharsis, most of it during the Noachian, has been estimated at È3 Â 10 8 km 3 (64) . For water contents in the parental magmas as high as 2% by weight Fig. 2 . Estimates of martian heat flux versus time (34, 106) . Most boxes denote ranges in values obtained from estimates of lithosphere thickness derived from gravity-topography relations and assigned to the epoch corresponding to the surface units in the region (34) . One set of estimates (dashed box), derived from mechanical models for the formation of Hesperian wrinkle ridges in the northern plains (106), overlaps those from gravity and topography obtained for the southern uplands during that epoch (34) . Curves (106) show heat flux versus time for two heatproduction models and a lithospheric cooling model (dash dots).
on January 21, 2011 www.sciencemag.org (94) , the water released by the emplacement of Tharsis would be equivalent to a global layer 120 m thick (64) . For a CO 2 content in the parental magmas comparable to those in Hawaiian basalts (0.65% by weight), the construction of Tharsis could produce the integrated equivalent of 1.5 bar (0.15 MPa) of atmospheric CO 2 (64) . Such an atmosphere could have warmed to a level whereby liquid water would be stable as a surface phase, although climate models are highly sensitive to assumptions regarding cloud formation and other processes (99) .
Water also may have aided in determining the pattern of magnetic anomalies now seen on Mars, specifically the paucity of resolved magnetic anomalies in the lowest portions of the northern lowlands and the best preserved impact basins. Hydrothermal circulation along deep faults may have altered the magnetic carriers in the crust, by processes similar to the oxidation and reduction in magnetization that accompany circulation of seawater in terrestrial oceanic crust (100). Deep circulation of water would have been driven by deep-seated heat (101) associated with the formation of major impact structures and with local and regional magmatism. Hydrothermal alteration would have lessened the specific magnetization of crustal rocks and changed the horizontal scale and possibly the direction of coherent magnetization. A depth of water circulation of È25 km would have been sufficient to affect most of the thickness of magnetized material seen elsewhere on Mars (48, 56, 57) . The dominant horizontal scale of coherent magnetization after alteration, if comparable to the depth of circulation, would be too small for magnetic anomalies to be detectable from an orbiting spacecraft. Such anomalies would be detectable at the surface or at low altitudes.
The preferred sites for hydrothermal alteration would have been the lowest lying areas of major drainage basins (Fig. 1E) , on the grounds that such areas would have been persistent traps for crustal fluids following episodic flooding and lesser discharge events. The central regions of the five drainage basins (102) with the largest areas and greatest topographic relief (Fig. 1E ) are generally areas of weak to unresolved magnetic anomalies (Fig. 1D) . Furthermore, magnetic anomalies should be attenuated or unresolvable from orbit within topographically well-preserved impact basins, even if the basins formed while a core dynamo was still active, because of the tendency of such basins to collect water and the sustained deep circulation that would have been driven by impact heating of the subsurface. That older basins preserve substantial volumes of crust remagnetized during loss of impact heat and any later magmatism (51) may be because the initial topographic relief was relaxed by crustal and mantle flow, lessening the likelihood that substantial volumes of water collected in the basin subsurface. The conditions favoring an active core dynamo may therefore have postdated the youngest impact basins and persisted until at least the end of the Late Noachian.
The depth and vigor of hydrothermal circulation within the crust may have influenced the extent of organic chemical synthesis and zones of potential habitability during the Noachian Epoch. Oxidation-reduction reactions at water-mineral interfaces in hydrothermal environments can fix carbon into organic compounds (103) and could have provided energy for metabolic processes (104) . What is emerging from a better understanding of the early history of Mars is that the Noachian was a time when hydrothermal systems capable of fostering organic synthesis and sustaining any life forms that may have occupied such niches were widespread and may have extended at least halfway to the base of the crust. (Fig. 1B) . The polygonally fractured western Noctis Labyrinthus marks the present summit region (middle); ancient radially fractured plains, some of Noachian age (1), extend to the north, where lava flows and small shields from the younger Tharsis Montes region embay and are superposed on the ancient fractured deposits. Image was created by Viking Mars Digital Image Mosaic (MDIM) over Mars Orbiting Laser Altimeter shaded relief. (B) Noachian impact craters are generally highly degraded. Examples in southeastern Terra Cimmeria (47.3-S, 166.6-E) are generally rimless, partially filled craters surrounded by relatively smooth intercrater areas mapped as Noachian plains (2) . A Noachian valley network drains downslope to the lower left. Image was created by Viking MDIM.
